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Molecularly-thin Anatase field-effect transistors fabricated through the 
solid state transformation of titania nanosheets† 
S. Sekizaki,a M. Osadab and K. Nagashio*a,c 
We demonstrate the field-effect transistor (FET) operation of molecularly-thin anatase phase produced through solid state 
transformation from Ti0.87O2 nanosheets. Monolayer Ti0.87O2 nanosheet with a thickness of 0.7 nm is two-dimensional oxide insulators 
in which Ti vacancies are incorporated, rather than oxygen vacancies. Since the fabrication method, in general, largely affects the film 
quality, the anatase films derived from Ti0.87O2 nanosheet show interesting characteristics, such as no photocurrent peak at ~2 eV, 
which is related to oxygen vacancies, and a larger band gap of 3.8 eV. The 10-nm thick anatase FETs exhibit superior transport 
characteristics with a maximum mobility of ~1.3 cm2V-1s-1 and current on/off ratio of ~105 at room temperature. The molecularly-thin 
anatase FET may provide new functionalities, such as field-effect control of catalytic properties. 
 
Introduction 
Although oxide field effect transistors (FETs), such 
as InGaZnO, ZnO, InOx, SnO2, and TiOx, have attracted 
great interest mainly in flexible and transparent display 
applications,1,2 the addition of other functionalities will 
widen their practical application, especially for the recent 
great development of sensors for the Internet of Things 
(IoT). TiOx is one of the most promising candidates 
because of its photocatalytic properties. Ultraviolet (UV) 
irradiation excites e-h pairs, causing a redox reaction on 
the TiOx surface.3 Recently, the superconductivity4, as 
well as a change in magnetic anisotropy5, has been shown 
to be induced by the electric field effect. If it is possible 
to replace UV irradiation by the electric field effect,6 the 
range of applications will be expanded. Although TiOx 
field effect transistors (FETs) have been reported with a 
backgate structure in which the TiOx surface is 
available,6-11 it is difficult to induce carriers on the TiOx 
surface, rather than at the interface between TiOx and the 
gate insulator, because the thickness of the TiOx layer is 
generally thicker than 20 nm in order to retain crystal 
quality. 
Here, we utilized Ti0.87O2 nanosheets as a template 
for solid state fabrication of molecularly-thin anatase 
films. Ti0.87O2 nanosheet is a new class of titania 
nanomaterials, derived from a layered titanate 
(K0.8Ti1.73Li0.27O4) via soft chemical reaction.12-14 Alkali 
metal ions K and Li are extracted in acid treatment during 
delamination process, and the original layered structure 
is retained in Ti0.87O2 nanosheets. Then, Ti0.87O2 
nanosheets is delaminated with a tetrabutylammonium 
(TBA) aqueous solution. Ti0.87O2 nanosheets are 
insulators with a band gap of 3.8 eV15 and a high 
dielectric constant of ~12516, as the original layered 
structure is retained by introducing 13% Ti vacancies 
instead of oxygen vacancies.17,18 Moreover, the nanosheet 
transforms into the highly-crystalline, c-axis oriented 
anatase phase with increasing annealing temperature.19 
Therefore, it may be possible to fabricate anatase 
TiO2 FETs with thicknesses of less than 10 nm through 
solid state transformation from Ti0.87O2 nanosheets. Since 
it is well recognized that the TiOx deposition conditions 
largely affect the film quality, a starting material without 
oxygen vacancies may result in improved properties. In 
this study, anatase thin-film FETs are fabricated from 
Ti0.87O2 nanosheets, and their transport properties are 
discussed. 
 
Experimental 
A colloidal suspension of Ti0.87O2 nanosheet was 
spin-coated on a SiO2 (90 nm)/n+-Si substrate at 3000 
rpm. TBA was removed by ultraviolet light (UV) 
irradiation for 24 hours,20 where the sample was 
unintentionally heated to ~150 °C by the UV irradiation. 
Monolayer Ti0.87O2 nanosheets with a lateral size of ~5 
m and a thickness of ~1 nm were found by optical 
microscopy, as the thickness of SiO2 was adjusted to ~90 
nm in order to maximize the optical contrast by thin-film 
interference, referring to the graphene observation.21 
Annealing to induce phase transformation from Ti0.87O2 
nanosheets to the anatase phase was carried out in a tube 
furnace under O2 gas flow for 1 hour at different 
temperatures. Then, the phase was characterized by 
micro-Raman spectroscopy with an Ar laser of 488 nm 
and ~0.3 mW and photoluminescence spectroscopy (PL) 
with a HeCd laser of 325 nm and ~0.5 mW. For FET 
device fabrication, the electrode pattern was drawn by the 
conventional electron beam lithography technique.21 
Al/Au multi-terminal electrodes were deposited by the 
thermal evaporation. The contact metal was Al, while Au 
was used to prevent the oxidation of Al. The electric 
transport measurement was carried out over a 
temperature range of 100 - 350 K in vacuum. 
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Results and discussion 
Phase transformation from Ti0.87O2 nanosheets to 
anatase phase 
Fig. 1(a) shows an optical microscopy image with 
Nomarski interference contrast for a spin-coated sample 
after annealing. The Ti0.87O2 nanosheets are classified 
into three types based on the sample morphology: 
monolayer, multilayer (monolayer Ti0.87O2 nanosheets 
were randomly laminated without crystal orientation 
matching during spin-coating), and bulk (it was not 
exfoliated in the Ti0.87O2/TBA suspension. Therefore, 
Ti0.87O2 nanosheets are stacked with retaining the crystal 
orientation). The extinction coefficient in the visible 
range is ideally zero for Ti0.87O2 nanosheets due to their 
wide band gap.15,22 Therefore, the Nomarski technique is 
required to enhance the contrast. Although the Ti0.87O2 
nanosheets were unintentionally heated to ~150 °C 
during UV irradiation, they did not transform to anatase, 
as confirmed by Raman spectrum. 
The samples were annealed at temperatures ranging 
from 400 °C to 900 °C for 1 hour under O2 gas flow to 
facilitate solid state phase transformation from Ti0.87O2 
nanosheets to the anatase phase. Although the Ti0.87O2 
nanosheets do not show any Raman peaks in the range of 
100 - 450 cm-1 due to the small Raman scattering 
efficiency, the main peak of the anatase phase, Eg(1), 
appears at ~142 cm-1 after annealing at high 
temperatures.23,24 Fig. 1(b) shows the intensity ratio of 
Eg(1) and the Si peak at 300 cm-1 (Si300) and the full width 
at half maximum (FWHM) of Eg(1) for the multilayer 
sample. The intensity ratio and FWHM show a maximum 
and minimum at 800 °C, respectively. These temperature 
dependence was consistent with the previous X-ray 
diffraction analysis for the annealing experiment of 
wafer-scale multilayer Ti0.87O2 nanosheets stacked by 
Langmuir-Blodgett method.19 Based on this experiment, 
the annealing temperature of 800 °C was selected for 
subsequent characterization and device fabrication. This 
choice is also supported by a recent report in which both 
Ti-Si interdiffusion and intermediate phase formation at 
the TiOx/SiO2 interface is absent even at the annealing 
temperature of 800 °C.11 
The Raman spectra of the three types of samples 
annealed at 800 °C are compared in Fig. 1(c), where the 
Raman spectrum of the SiO2/Si substrate is also shown 
for reference. The main peak of the anatase phase, Eg(1), 
is observed at 142 cm-1 for the multilayer and bulk 
samples, but not for the monolayer sample. The anatase 
peak intensity of B1g(1), as well as Eg(1), for the bulk 
sample is higher than that for the multilayer sample, 
suggesting that the crystallinity of the anatase phase in 
the bulk sample is better than that in the multilayer 
Fig. 1
Multilayers
(laminated)
~8 nm
Monolayer
~2 nm
Bulk
(not exfoliated)
~15 nm
10μm
(a) (b)
(c) (d)
Multilayers
Bulk
Si substrate
Monolayer
Eg(1)
B1g(1)Si
after 1h annealing @ 800 C
anatase
100 150 200 250 300 350 400 450
In
te
n
s
it
y
 (
a
.u
.)
Raman shift (cm
-1
)
3 3.2 3.4 3.6 3.8 4
In
te
n
s
it
y
 (
a
.u
.)
Photon energy (eV)
Ti0.87O2 nanosheet
Anatase
Si substrate
HeCd
Si
HeCd
0.1
1
10
100
1000
0.1
1
10
100
400 500 600 700 800 900
In
te
n
s
it
y
 r
a
ti
o
, 
E
g
(1
)/
S
i 3
0
0
F
W
H
M
 (c
m
-1)
Annealing Temperature ( C)
Fig. 1 (a) Optical microscopy image with Nomarski interference contrast for Ti0.87O2 nanosheets. (b) Raman intensity ratio for 
Eg(1)/Si300 and FWHM of Eg(1) as a function of annealing temperature. (c) Raman spectra for the three types of anatase samples, 
along with the spectrum of the Si substrate as a reference. (d) PL spectra for the bulk samples of anatase TiO2 and Ti0.87O2 
nanosheets, along with the spectrum of the Si substrate as a reference. Two small PL peaks, indicated by arrows, come from 
Ti0.87O2 nanosheets. It should be noted that the peaks at ~3.82 eV, 3.74 eV, and 3.6 eV with high intensities result from the Rayleigh 
peak of the HeCd laser, the Si Raman spectrum, and the bright line of the HeCd laser. 
 
sample. The crystallinity was analysed in more detail by 
electron backscattering diffraction (EBSD), as shown in 
supplemental Fig. S1. The bulk sample shows a clear 
single crystalline nature, while multilayer and monolayer 
samples are polycrystalline and amorphous, respectively. 
At least two layers of nanosheets are required to satisfy 
the periodicity of the anatase crystal structure, and thus a 
monolayer is difficult to transform into the anatase phase. 
These features are consistent with the previous annealing 
experiment.19 
In the PL spectrum in Fig. 1(d), measured at room 
temperature, small two peaks near 3.8 eV observed in the 
parent compound (H1.07Ti1.73O4 ・ H2O) of Ti0.87O2 
nanosheets25, indicated by arrows, disappears after 
annealing, because the anatase phase is a semiconductor 
with an indirect gap of 3.2 eV.26 It should be noted that 
the peaks at ~3.82 eV, 3.74 eV, and 3.6 eV with high 
intensities result from the Rayleigh peak of the HeCd 
laser, the Si Raman spectrum, and the bright line of the 
HeCd laser. This also confirms the solid state phase 
transformation from Ti0.87O2 nanosheets to the anatase 
phase. 
 
FET characteristics 
Fig. 2(a) shows the transfer characteristics of 
anatase FETs measured at room temperature in a vacuum 
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when positive and negative VG is iteratively applied over 50 cycles (type II measurement). (c) Drain current reduction from the 
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origins of degradation, ion migration and charge trapping at the interface.  
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Fig. 2 (a) FET characteristics of the multilayer and bulk samples. Inset: optical image of a typical bulk anatase TiOx FET, obtained 
by four-probe measurement. (b) Conductivity as a function of B1g(1)/Si300. 
 
of ~10-2 Pa. The n+-Si substrate was used as the global 
backgate. No current modulation was observed in the 
monolayer sample, while the multilayer and bulk samples 
with thicknesses of ~8 - 15 nm exhibited clear transistor 
operation. As shown in Fig. 2(b), there is a clear 
relationship between the conductivity at VG = Vth + 5 V 
and the Eg(1)/Si300 intensity ratio, where VG, and Vth are 
the backgate voltage and threshold voltage, respectively. 
The FET performance strongly depends on the 
crystallinity. The best values for the field effect mobility 
and the current on/off ratio of the bulk sample, analyzed 
by four-probe measurement, are ~1.3 cm2V-1s-1 and ~105, 
respectively. Although these values are comparable with 
those in previous literature,7-10 current modulation of the 
anatase TiOx FET was achieved even for a channel 
thickness of less than 10 nm in this study. This will 
facilitate carrier modulation at the anatase surface by the 
electric field effect. 
 
Degradation and recovery of FET characteristics 
Although FET modulation was achieved, 
degradation of the FET properties was observed when the 
measurement was repeated at positive VG (type I), as 
shown in Fig. 3(a). Vth gradually shifts to positive VG. 
Moreover, the reduction in conductivity (ID) from the 
initial current level, which was calculated at VG = Vth + 5 
V, is plotted as a function of the number of measurements 
in Fig. 3(c). Similar degradation has been reported for a 
RF-sputtered TiOx anatase FET27 and is often observed 
for other oxide transistors.28 To separate the contribution 
from drain voltage (VD) and VG, VG was applied from -20 
V to 40 V five times to the FET device without applying 
VD, and then the transfer curve was measured at VD = 1 V. 
This is defined as a single measurement and was repeated 
20 times (type III measurement). The reduction in ID 
during type III measurements is more serious than that 
during type I measurements, suggesting that VG is more 
responsible for degradation. Since the application of 
positive VG results in a reduction in ID, positive and 
negative VG were iteratively applied (type II 
measurement), as shown in Fig. 3(b). In this case, the 
reduction in ID was clearly suppressed. Based on these 
experiments, the degradation is suggested to be caused by 
charge trapping at the TiO2/SiO2 interface27 and/or the 
migration of ions in the TiOx channel29 (Fig. 3(d)). 
To understand the degradation behavior in more 
detail, the drain current (ID) was measured over time at 
constant VG = 40 V and VD = 1 V, as shown in Fig. 4(a). 
ID drastically decreased within several seconds and then 
gradually decreased. By curve fitting using the equation 
𝐼𝐷 = 𝑎1𝑒
−𝑡/𝜏1 + 𝑎2𝑒
−𝑡/𝜏2 + 𝑎3𝑒
−𝑡/𝜏3 , three time 
constants were extracted, 1 =~2.6 s, 2 = ~100 s, and 1 = 
~1100 s. These time constants seem to be large for 
electron or hole trapping. Therefore, degradation may be 
dominated by ion migration. One possibility is the 
migration of oxygen vacancies, because the 
electromigration of oxygen vacancies has been suggested 
in TiOx previously.29,30 
If the origin of degradation is the migration of 
oxygen vacancies, defect levels related to oxygen 
vacancies will be detected in the photocurrent spectrum.11 
Therefore, single energy photons were used to irradiate 
the anatase FET at VD = 1 V and VG = 0 V, and the 
photoexcited electrons were collected. Fig. 4(b) shows 
the photocurrent spectra as a function of photon energy 
for the multilayer and bulk anatase FETs. The broad 
photocurrents are detected between 1.5 to 2.5 eV in the 
multilayer sample, which is similar to the oxygen-
vacancy-related photocurrent peak at around ~2 eV 
observed for the typical anatase FET fabricated by pulsed 
laser deposition.11 The anatase phase in the multilayer 
sample is formed from the random stacking of monolayer 
Ti0.87O2 nanosheets, as schematically shown in 
supplemental Fig. S1. Therefore, long-range diffusion is 
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required to transform the Ti0.87O2 nanosheets into an 
anatase crystal,19 and oxygen vacancies may be 
introduced in the polycrystalline anatase crystals during 
transformation. On the other hand, it is quite interesting 
that there are no obvious photocurrent peaks for the bulk 
sample. It is reported that the atomic arrangement in the 
typical anatase is quite similar to that for Ti0.87O2 
nanosheets stacked with retaining the crystal 
orientation.19 Therefore, the bulk anatase phase is single 
crystalline in nature, as observed by EBSD. It is expected 
that the oxygen vacancy is be introduced during the 
transformation due to the quite short range diffusion. 
Although the species that undergo ion migration has not 
been specified at present, it is suggested that the 
migration of oxygen vacancies is negligible in bulk 
anatase, supported by no detection of photocurrent within 
the gap. 
Moreover, the band gap energy (EG) can be extracted 
from the photocurrent spectra. EG for multilayer anatase 
is ~3.2 eV, which is consistent with the literature data 
obtained from optical absorption spectra for typical 
anatase.22 This also suggests that multilayer anatase 
includes oxygen vacancies. On the other hand, EG = ~3.8 
eV for bulk anatase is much larger than that for typical 
anatase but is similar to EG = ~3.8 eV for Ti0.87O2 
nanosheets, obtained by UV-vis absorption spectra.15 The 
large EG, as well as negligible oxygen vacancies, of the 
bulk sample suggests that the physical properties of the 
anatase phase can be controlled by the selection of 
starting material before solid state transformation. 
Therefore, the FET operation of the bulk TiOx is better 
than that of multilayer TiOx. 
 
Intrinsic transport properties and estimation of 
Schottky barrier height 
The intrinsic transport properties of the bulk anatase 
FET can be discussed by applying type II measurements 
(the iterative VG method). Fig. 5(a) shows the 
temperature dependence of the conductivity obtained 
from the four-probe device. The typical field effect 
mobilities calculated at the maximum of 
transconductance for the three different single crystalline 
bulk anatase phases are shown as a function of 
temperature in Fig. 5(b). The mobility data vary quite 
widely in the range of ~10-3 to ~100 cm2V-1s-1 due to the 
variation in crystallinity. When the mobility at room 
temperature is lower than 1 cm2/Vs, the mobility 
decreases with decreasing temperature. From the analysis 
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in the inset, the activation energies are extracted as 37 and 
44 meV for two cases, which suggests a hopping-type 
conduction mechanism at the anatase/SiO2 interface 
and/or in the anatase crystal.31 On the other hand, for the 
sample with a mobility higher than 1 cm2V-1s-1, the 
mobility seems to increase with decreasing temperature. 
The theoretical maximum mobility at room temperature 
is calculated to be ~60 cm2V-1s-1,32 which is limited by 
phonon scattering. The present mobility data seem to 
move into phonon dominant transport. When the 
crystallinity is improved further, the transition from 
hopping-type conduction to conduction over fully 
delocalized energy bands will be clearly seen. 
Another characteristic in Fig. 5(a) is that Vth shifts 
to positive VG with decreasing temperature. In anatase 
FETs, metal contacts are used as the source and drain. 
Thus, anatase TiOx FETs are expected to be Schottky 
barrier-type transistors, as is generally the case for many 
organic,33 oxide,34 carbon nanotube35 and two-
dimensional layered semiconductors,36 unlike the 
inversion-type transistors for conventional Si-MOSFETs 
with p-n junctions. With decreasing temperature, the 
thermionic emission current over the Schottky barrier 
decreases, and the tunneling current becomes dominant. 
Therefore, at lower temperatures, VG must be further 
applied to increase the tunneling current by decreasing 
the Schottky barrier width. This is the case for the present 
Vth shift as a function of temperature, as schematically 
shown in the inset of Fig. 5(a). 
Here, the Schottky barrier height (B0) between the 
bulk anatase phase and the Al contact was estimated. 
Current transport processes through the 
metal/semiconductor junction are classified into three 
types: thermionic emission (TE), thermionic field 
emission (TFE), and field emission (FE).37 A simple 
criterion to determine the dominant process can be set by  
E00/kBT, where E00 is defined as 𝐸00 =
𝑞ℏ
2
√
𝑛3𝐷
𝑚∗𝜀𝑠
, where  
ħ, m*, and s are the reduced Planck constant, the effective 
mass, and the electric permittivity of the semiconductor, 
respectively. The three-dimensional carrier density (n3D) 
can be roughly estimated as n3D = n2D/thickness.37 TE 
dominates for E00/kBT << 1, while TFE becomes the main 
process for E00/kBT >> 1. For the anatase FET, this simple 
criterion suggests that TE is the main transport process 
because E00/kBT ≈ 10-2 at all temperatures over the range 
of 100 - 300 K. In case of TE, the specific contact 
resistivity is given by 
 𝜌𝑐 =
𝑘𝐵
𝐴∗∗𝑇𝑞
exp (
𝑞𝜙𝐵
𝑘𝐵𝑇
),                   [1] 
where A**, q, and B are the modified Richardson 
constant, the elementary charge, and the effective barrier 
height, respectively.37-39 
Fig. 5(b) shows the Arrhenius plot of the contact 
resistivity at different VG, estimated through the four-
probe measurement. The effective barrier height can be 
calculated from the slope (qB /kB). Two different slopes 
are clearly seen at the boundary temperature of 170 K 
(1/T = 0.00588), suggesting that TE is only applicable to 
the high-temperature region. Although the contact 
resistivity estimated from the present four-probe 
measurement (in units of m) is different from the 
specific contact resistivity (in units of m2), Eq. [1] is 
used to estimate B because only the slope is considered. 
Then, B is plotted as a function of VG in Fig. 5(c). The 
effective barrier height means the barrier height the 
carriers feel at a certain VG, and the Schottky barrier 
height can be defined as the effective barrier height at the 
flat band voltage (VFB). Since the linear relation of B = 
B0 – (VG – VFB) exists when VG < VFB,35 the Schottky 
barrier height is estimated to be ~0.09 eV for Al at VFB = 
32 V. Finally, the band alignment for the Schottky 
junction of the bulk anatase phase and Al was 
experimentally determined, as shown in the inset of Fig. 
5(d). For Al, the present B0 value is smaller than B0 = 
~0.3 eV, as given in previous reports.31,40 Although the 
origin of the ohmic contact between TiOx/Al has been 
discussed to be the increase in oxygen vacancies at the 
TiOx/Al interface due to chemical reactions expected 
from the small electronegativity of Al,40 the interfacial 
conditions in the present bulk anatase phase may be 
different due to its different physical properties. Further 
investigation is required. 
Conclusions 
In this work, single crystalline anatase FETs were 
fabricated through solid state transformation from 
Ti0.87O2 nanosheets. Since the present anatase phase was 
fabricated from Ti0.87O2 nanosheets that did not have 
oxygen vacancies, there is no photocurrent peak at ~2 eV, 
which is related to oxygen vacancies, and the band gap of 
3.8 eV is larger than that of typical anatase crystals. As 
for the transport characteristics, a maximum mobility of 
1.3 cm2V-1s-1 and current on/off ratio of ~105 were 
estimated at room temperature, and the temperature 
dependence of the mobility suggests the phonon 
dominant transport. Al contact to the present anatase 
phase is suggested to be reasonable, based on the 
Schottky barrier height analysis (B0 =0.09 eV). The ~10 
nm thickness of the present anatase channel may provide 
other potential functionalities, such as control of redox 
reactions on the anatase surface by the field effect. 
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Fig. S1. EBSD analysis for three kinds of anatase samples. (a,b) Optical micrograph of 
three kinds of anatase samples. (c,d) EBSD orientation maps of the transverse direction 
(TD) are colored using the inverse pole figure triangle. (e-g) Kikuchi patterns observed 
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at an arbitrary point of samples. The same Kikuchi pattern can be seen for different 
positions for bulk anatase sample, while the different Kikuchi patterns are observed for 
multilayer anatase sample. For monolayer, Kikuchi pattern is not evident. 
 
Based on this EBSD analysis, “Bulk” is single crystalline nature, because each Ti0.87O2 
nanosheet is stacked with retaining the crystal orientation (actually, Ti0.87O2 nanosheet 
was not exfoliated in the Ti0.87O2/TBA suspension.) “Multilayer” is the sample in which 
Ti0.87O2 nanosheets are randomly laminated without crystal orientation matching. 
Therefore, “multilayer” shows the polycrystalline nature from EBSP data. In the present 
definition for “multilayer” and “bulk”, the layer number is not taken into consideration. 
However, the thickness for bulk (~10-15 nm) is generally thicker than that for multilayer 
(~3-10 nm). 
 
 
 
 
 
  
